Introduction
Thermionic cathodes are used in many industrial vacuum electronic applications. Vacuum tubes for high-frequency or high-power applications are one example (e.g., see [1] ). The emission properties of thermionic electron sources in vacuum devices are often Bimproved[ by the addition of oxide coatings on the metal cathode surface [2, 3] . The explanation of the improvement is usually based on the creation of a surface dipole. BaO is often used. The oxygen atom (ion) is embedded in the tungsten surface, and the Ba atom (ion) is outermost at the surface-vacuum interface [4] [5] [6] . Practical cathodes, however, are made with bulk powder loading of a porous tungsten plug [7] . Some are made by spray coating with a layer on the order of 65 m [8] . The monolayer surface dipole structure is thought to develop as the cathode is heated and Bactivated[ [9] .
Recent experimental [10, 11] and theoretical [12] studies have suggested that multilayer oxides on the order of 10 nm can also reduce the work function of a metal. The work function is reduced by the alteration of the buried metal-oxide interface rather than at the oxide-vacuum surface.
In this paper, we demonstrate that 200-to 400-nm-thick oxide layers can increase the electron yield from a heated tungsten surface. The thermionic electron emission microscopy (ThEEM) images of the oxide layers on tungsten show a unique Bwindow[-like view of the tungsten grain structure through the oxide. No structures resulting from the oxide are resolved in the image. The window effect is proposed to result from a reduced interfacial energy barrier at the W-Sc 2 O 3 interface and the electrical conductivity of Sc 2 O 3 at high temperatures (91,100 K).
Experimental
The microscope used is a Bauer-Telieps style emission microscope [13] in the vertical inverted BY[ configuration. The acceleration voltage used is 7 kV with a 4-mm working distance. The specimen is heated from the back by electron bombardment. The sample temperature is measured with an optical pyrometer [14, 15] . We measure brightness temperature T b ¼ "T true , where " is the emissivity. The emissivity of our composite surfaces is unknown. The oxide layers are deposited by reactive sputtering in a separate chamber. Shadow masks are used, which allow deposition of 100 m Â 100 m or 25 m Â 25 m squares of oxide on the tungsten surface, to provide image contrast and to identify the deposited oxide layer (by size) in the image. The film thickness is obtained directly from a quartz crystal thickness monitor. The values are minimum thickness values. The samples are exposed to air between depositions and also before introduction into the microscope. The samples are degassed by several heating cycles and then repeatedly heated until the window effect is observed.
Emission current is measured by using a Faraday cup in the center of the channel plate electron multiplier. The exact location of the current measurement can be established. The current is recorded with a Keithley 488 picoammeter. The current, brightness temperature (which can also be denoted by K b , i.e., units of Kelvin), and image are stored together using a LabVIEW program. Note that K b ¼ " Â K true , and " G 1. In order to make the current measurements, the emissive square is moved onto the Faraday cup in the image plane by shifting the image with deflector coils located in the projector side of the ThEEM microscope. The sample itself remains stationary. The magnification is not changed. The square itself is a measure of the area on the sample surface. Figure 2 shows the fit of the electron yield (measured with a Faraday cup in the image plane) as a function of brightness temperature to the Richardson-Dushman equation [16] . A fit for tungsten foil is also included. The work function is not directly measured in our experiment. A multicomponent entity, which we call the Bwork function,[ is derived from the j versus T data fits to the Richardson-Dushman equation. Here, j is the current density. The Bwork function[ is proportional to the slope of the logðj=T 2 Þ versus 1=T curves shown in Figure 2 .
Results
The phrase Bwork function[ (with surrounding quotation marks, B [) can only be estimated in our experiments, partly due to the systematic error that occurs measuring the brightness temperature versus the true temperature. The Bwork function[ reduction (electron-yield enhancement) due to the added oxide layers can be measured because it is a relative shift in the Bwork function[ values. Because the value for emissivity is less than 1, the Bwork function[ values can be shifted to account for the systematic error in temperature. The work function value for a W foil measured in ThEEM is too low. By shifting the value to the known (average) value for the tungsten surface, a comparison with other types of work function reduction measurements and calculations can be made more easily. We have determined that the correction for the emissivity and other factors on tungsten is approximately 0.76. Comparison of the pyrometer reading and a C-type thermocouple for a tungsten foil confirms that the value of " for W in our experiment is in the range of 0.74-0.76. This method should not be applied to the scandium foil or Sc 2 O 3 surfaces. For our measurements, the correction implies an emissivity value greater than 1.
If the values for the scandium foil or Sc 2 O 3 surfaces are acknowledged to represent a combination of energy barriers and other effects not strictly defined as a work function, some comparisons can be made. In that case, it is necessary to use a correction value of 1.6 to shift the measured value of a Sc foil to the value reported in the literature. This is done for comparison only, i.e., the value of 5.6 eV is consistent with the other values to within the error of the Richardson-Dushman fitting method. Some values obtained from the Richardson-Dushman equation fits are given in Table 1 .
Discussion
The clear electron-yield enhancement due to the thick ($200-400 layers) oxides is shown in Figure 1 (a) and 1(b). There is a difference between an electron-yield enhancement due to the reduction of an interfacial energy barrier and the reduction of the surface-vacuum energy barrier. This distinction is essential to the understanding of the action of thick oxide layers in thermionic emission.
The work function is strictly defined as the energy barrier at the solid-vacuum interface. Our oxide layers are not monolayers on a metal. We do not directly measure the surface dipole or surface energy barrier. The Bwork function[ value derived from the I versus T data may include contributions from the work function of the underlying W grain, the interfacial energy barrier at the W-Sc 2 O 3 interface, and the surface energy barrier. For BaO-Sc 2 O 3 -W layers, there may also be a contribution due to an interfacial barrier at the BaO-Sc 2 O 3 interface. Figure 3 provides a schematic explanation of the information that we obtained from the ThEEM images.
The starting point in understanding the images in Figure 1(b) is to realize that at the same temperature, under identical conditions, the work function of all of the BaO squares must be the same. The BaO directly on tungsten and the BaO on Sc 2 O 3 must have the same surface-vacuum interfacial energy barrier (the strict interpretation of the work function). There can be no interaction with W or Sc 2 O 3 at the BaO surface because these materials are at least 200 nm below the surface. In Figure 3 , the work function of BaO is represented as a thick green vertical line in the diagrams (the same size in both places). In addition, the same BaO square can show different electron yields if it is partially on or off a Sc 2 O 3 square.
Because the electron yield from W-BaO is less than that from W-Sc 2 O 3 -BaO, the yield increase must be due to changes in interfacial energy barriers. It cannot be due to a change in the BaO work function. The evidence for this conclusion is shown in Figure 3 effective work function of 3.8 eV. This is an increase of 0.3 eV from the work function of W measured in the microscope, or a 0.42-eV increase from the accepted value for tungsten, i.e., 4.97 eV compared with 4.55 eV [17] . There is a decrease in the W-Sc 2 O 3 Bwork function[ only if the shifted scandium values are used. Scandium oxide has a bandgap of 5.5 eV or more and an unknown electron affinity [18, 19] . The measured value of the Sc foil (with a native oxide) may be correct. The strict interpretation of work function for a thick scandium oxide layer would place the work function value above 5.5 eV. However, the experimental evidence in Figure 1(a) . Therefore, the model includes a surface barrier reduction at the oxide-vacuum interface due to band bending and another at the W-oxide interface due to the Schottky effect. Patches of emissive material with different surface areas and different work functions are parallel interfacial energy barriers. These models do not apply to the two-layer sequential interfacial energy barriers observed in Figure 1(b) . In a sequential arrangement of energy barriers, the largest barrier determines the total yield. In parallel energy barriers, the smaller barrier dominates at lower temperatures. An example of electron mission through parallel barriers would be the image in Figure 1(a) , where the W surface outside the Sc 2 O 3 square has a different electron yield than the Sc 2 O 3 square itself. Parallel energy barriers might also be applicable to the different W grains observed in the Sc 2 O 3 square.
In addition to barrier reductions, the window effect requires that the oxides be conductive. The physical properties of scandium oxide are not well known. The properties of bulk Sc 2 O 3 at high temperature, including conductivity [22, 23] and structure changes, have been reported [24] . Scandium oxide is an ionic conductor, both by oxygen and scandium motions, and both an n-and p-type semiconductor [23] . The various conduction mechanisms are a function of oxygen content. The conductivity of Sc 2 O 3 is indirectly a function of temperature due to oxygen vacancies introduced by heating. Scandium is a 3þ ion in scandium oxide, and there is no other monovalent or divalent form of bulk scandium oxide. Oxygen vacancies can result in excess electrons in the oxide. Scandium oxide is considered a nonstoichiometric oxide because of oxygen vacancies. Structural changes begin as low as 673 K, and the nonstoichiometric form is stabilized with high temperature treatment [24] . Because we sputter-deposit our films, a disordered film structure is likely for the as-deposited scandium oxide [25] . Heating this disordered film may promote further oxygen vacancies in the film. Oxygen vacancies would increase the electronic conductivity at the high temperatures used to observe the window effect.
The scandium oxide layer at high temperature is considered a highly doped n-type semiconductor (with an unknown bandgap). The conventions used to describe thermionic emission in Schottky barrier contacts can be applied to the tungsten-scandium oxide interface [26] . The bottom of the scandium oxide conduction band would align with the Fermi level of the tungsten metal. There would be a small barrier of 0.1-0.2 eV that could be overcome by heating to the working temperature of the cathode, which is about 1,000 K. The window effect would be the result of electron emission from an electron-rich n-type semiconductor formed by the W-Sc 2 O 3 layer. The surface energy barrier would be equal to or slightly larger than the electron affinity of the scandium oxide [21] . The electron supply would come from the tungsten, pass through the scandium oxide, and exit over a surface barrier on the order of 2 eV. The value of 2 eV is consistent with scandium oxide-like materials (even at 300 K) [18] and the ThEEM image in Figure 1(a) is then most probably due to an interfacial energy barrier reduction. The changes in scandium oxide conductivity measured in [22] are the result of heating, which removes some oxygen from the scandium oxide. The scandium oxide structure is stabilized by the removal of oxygen. The stabilization of a conductive form of scandium oxide is a plausible explanation for part of the function of scandium oxide in cathodes. Increased conductivity in Sc 2 O 3 may also be induced by the current passing through the scandium oxide during thermionic emission. The current and the acceleration voltage could provide electrons with sufficient energy to further deplete the oxide of oxygen. Similar effects have been reported for other oxides [28, 29] .
Conclusion
The electron-yield enhancement caused by thick scandium oxide layers on tungsten is attributed to a reduced interfacial energy barrier at the W-Sc 2 O 3 interface. A surface dipole effect is excluded. Based on the observation of a fully electron transparent thick layer that appears as a window in the ThEEM image, we have concluded that Sc 2 O 3 and BaO are conductors at cathode operation temperatures. The improvement caused by Sc 2 O 3 addition to the oxide cathodes is due to a reduced interfacial energy barrier at the W-Sc 2 O 3 interface relative to scandia-free oxide-coated cathodes. A secondary benefit of scandia additions is increased conductivity at high temperatures.
